Various gene amplifications have been observed in gliomas. Prognostic-genomic correlations testing simultaneously all these amplified genes have never been conducted in anaplastic oligodendrogliomas. A set of 38 genes that have been reported to be amplified in gliomas and investigated as the main targets of amplicons were studied in a series of 52 anaplastic oligodendrogliomas using bacterial artificial chromosome-array based comparative genomic hybridization and quantitative polymerase chain reaction. Among the 38 target genes, 15 were found to be amplified in at least one tumor. Overall, 27% of anaplastic oligodendrogliomas exhibited at least one gene amplification. The most frequently amplified genes were epidermal growth factor receptor (EGFR) and cyclin-dependent kinase 4/sarcoma amplified sequence (CDK4/SAS) in 17% and 8% of anaplastic oligodendrogliomas, respectively. Gene amplification and codeletion of chromosome arms 1p/19q were perfectly exclusive (p 5 0.005). In uni-and multivariate analyses, gene amplification was a negative prognostic factor for progression- free survival and overall survival in anaplastic oligodendrogliomas, providing complementary information to the classic prognostic factors identified in anaplastic oligodendrogliomas (extent of surgery, KPS, and chromosome arms 1p/19q status). Neuro-Oncology 10, 540-547, 2008 (Posted to Neuro-Oncology [serial online], Doc. D07-00176, June 10, 2008
G rade III oligodendroglioma (OIII) is a wellcharacterized tumor in the WHO classification. 1 Molecular studies have shown that this pathological group is composed of distinct biological entities that show different prognoses and responses to treatment. [2] [3] [4] The most important molecular predictor of a favorable prognosis and response to chemotherapy is the codeletion of chromosome arms 1p/19q, which corresponds to a translocation. [5] [6] Although other genetic alterations have been reported in OIIIs, including various gene amplifications, [7] [8] prognostic-genomic correlations testing simultaneously all genes reported amplified in gliomas have never been conducted in anaplastic oligodendrogliomas. We searched the Web site of the U.S. National Library of Medicine (http://www.ncbi.nlm.nih.gov/sites/entrez) using the keywords "astrocytoma," "oligodendroglioma," "glioma," "glioblastoma," "amplification," and/or "gene" and the limits "humans" and "all adults: 19+ years." From several studies we selected validated or candidate target genes of genomic amplification that were reported to be amplified and overexpressed in gliomas. To better understand this issue, we used a 0.7 megabase resolution bacterial artificial chromosome (BAC) array-based comparative genomic hybridization (aCGH) approach, allowing the identification of gene amplification along the whole genome in a large series of OIIIs.
Materials and Methods

Selection of Patients
All patients with a primary glioma fulfilling the following inclusion criteria were selected from our brain tumor database: (1) A histological diagnosis of OIII according to the 2000 WHO classification of tumors of the CNS (i.e., a cellular diffusely infiltrating high-grade glioma featuring uniform rounded hyperchromatic nuclei, perinuclear halos on paraffin sections ["honeycomb appearance"], few cellular processes, and displaying microcalcifications, mucoid/cystic degeneration, and a dense network of branching capillaries). 41 Microvascular proliferation and/or areas of necrosis were acceptable, if an otherwise typical appearance of OIII was present.
1 All specimens were agreed on by two experienced neuropathologists with specific attention given to exclusion of anaplastic oligoastrocytoma (i.e., high-grade glioma comprising both significant astrocytic and oligodendroglial components without area of necrosis nor prominent microvascular proliferation), glioblastoma with oligodendroglial component (i.e., cellular glioma composed of poorly differentiated, often pleomorphic, astrocytic tumor cells with marked nuclear atypia, brisk mitotic activity, prominent microvascular proliferation, and/ or necrosis and displaying foci resembling oligodendroglioma), small cell glioblastoma (i.e., highly monomorphic glial tumor characterized by small, round to slightly elongated, densely packed cells displaying high mitotic activity, microvascular proliferation, and necrosis, including pseudopalisading). 42 (2) Available high-quality tumor DNA that would allow an aCGH experiment. All patients gave written informed consent, as requested by the law, allowing molecular, genetic, and translational research studies on cancer tissue samples. The analysis was performed on anonymized data.
BAC-Array Experiment and Localization of Target Genes on BAC-Array CGH
DNA was extracted from frozen tumors using a QIAamp DNA Mini Kit procedure (Qiagen, Courtaboeuf, France). After digestion with DpnII (Ozyme, Saint Quentin en Yvelines, France) and column purification (Qiaquick PCR Purification Kit; Qiagen), tumor DNA was labeled by the random priming method (Bioprime DNA labeling system; Invitrogen, Cergy-Pontoise, France) with cyanine-5 (Perkin-Elmer, Wellesley, MA, USA). Using the same procedure, we labeled control DNA with cyanine-3. After ethanol-coprecipitation with 140 μg of Human Cot-1 DNA (Invitrogen), resuspension in hybridization buffer (50% formamide), denaturation at 95°C for 10 min and prehybridization at 37°C for 90 min, probes were cohybridized on the aCGH. The aCGH (Integragen, Paris, France) analyzed 4,500 sequence-validated BACs. The 4,500 BACs were spotted in quadruplicate on the array. Among those, 500 were selected because they contained genes involved in oncogenesis, particularly well-known oncogenes, and tumor-suppressor genes. The other BACs were selected randomly across the genome to provide a mean resolution of 0.7 megabase. After washing, arrays were scanned using a 4000B scanner (Axon, Union City, CA, USA). Image analysis was performed with the GenePix 6.0 software (Axon) and ratios of Cy5/Cy3 signals were measured. Data were normalized with microarray normalization (MANOR); BAC statuses (gained, lost, amplified, or normal) were determined using gain and loss analysis of DNA (GLAD); and final results were visualized with visualization and analysis of array-CGH, transcriptome, and other molecular profiles (VAMP) software. Those steps were performed within the CAPweb platform. 43 The ratio of Cy5/Cy3 of the BAC including or contiguous to the target gene investigated was attributed to that gene. A ratio above at least 3.0 was necessary to conclude that a gene amplification occurred. The status of the chromosome arms 1p/19q was evaluated with the aCGH results.
qPCR Experiment and Validation of BAC-Array CGH Results
Gene amplification of tumor DNA was detected by using SYBR Green real-time quantitative polymerase chain reaction (qPCR) analysis (Absolute SYBR Green Rox Mix; Abgene, Paris, France). The gene primers (forward and reverse) amplified 70 to 217 base pair (bp) genomic fragments. The reference primers amplified two genomic fragments from 1q32 and 2q12.1, according to the status of this region based on the aCGH results ( Table 1 ). The sequence of the reference amplicon checked using PCR with computer software was unique (http://genome.ucsc .edu/cgi-bin/hgPcr?command5start). Real-time qPCR reactions were performed according to the manufacturer's instructions. Real-time qPCR cycles were as follows: initial denaturation at 95°C for 15 min; 95°C for 30 sec and annealing at 60°C for 1 min through 40 cycles.
The 2 -CT method was used to determine the relative copy number. The fluorescent signals were measured after each primer-annealing step at 60°C. The calculation of the relative amounts of the studied gene DNA compared to the reference gene DNA was done by the Relative Quantification Software (Mx Pro 3000P, Stratagene, Amsterdam, The Netherlands). Final results were expressed as a ratio of the studied gene and reference gene copies in the sample, normalized with the ratio of the reference gene copies in the calibration DNA. A ratio above at least 3.0 was regarded as being positive for gene amplification. Discordant results between aCGH and qPCR were reexamined twice.
Statistical Analysis
Association of gene amplification with pathological features of tumors was evaluated using the chi-square test. Nondiscrete age and KPS were compared using the Mann-Whitney test. Overall survival (from diagnosis to death) curves were obtained using the Kaplan-Meier method and compared with a log-rank test. A p-value of ,0.05 was considered as significant. Significant prognostic factors in univariate analyses were included as candidate variables in a multivariate Cox proportionalhazards regression model analysis.
Results
Fifty-two patients with a primary OIII fulfilled the inclusion criteria: 26 men and 26 women (sex ratio 5 1:1). The median age of the patients at diagnosis was 50.3 years (range: 22.9-83.5 years). Patients received standard treatment consisting of maximal possible surgery and radiotherapy. Chemotherapy (procarbazine, lomustine, and vincristine [PCV] or temozolomide) was administrated in 23 patients.
Gene Amplification and Correlation with Chromosome Arms 1p/19q Codeletion
Among the 37 gene amplifications detected by aCGH in the whole series (n 5 52), qPCR could confirm 34 of them, indicating a very good concordance (Fig. 1) .
Only genes found to be amplified using the two techniques were analyzed. Overall, 15 of the 38 tested genes were amplified in at least one OIII (Fig. 2) 
IL-6, CDK6, MDM4, MET, MYC, GLI, GADD153, COL4A2, AKT-1, HER2/neu, STK-15, and DCR-3,
were not amplified in this series. As expected, EGFR was the most frequently amplified gene, observed in 17% of OIII. CDK4, SAS, and GAS89 were amplified in 8% of OIIIs. Moreover, CDK4 and SAS were always coamplified. The other amplified target genes are shown in Fig. 2 . Five OIIIs exhibited at least two gene amplifications.
Chromosome arms 1p/19q codeletion was found in 15 of 52 patients (29%). There was a complete exclusion between gene amplification and chromosome arms 1p/19q codeletion.
Correlations between Gene Amplification and Clinical Course
In a univariate analysis, progression-free survival (PFS) was significantly shorter in patients whose tumor had a gene amplification (Table 2) . Indeed, the median PFS was 3.1, 1.2, and 0.6 years in 1p/19q codeleted OIII patients, nonamplified and non-1p19q codeleted OIII patients, and patients whose tumor had a gene amplification, respectively (p 5 0.002) (Fig. 3a) . Extent of surgery (p 5 0.04) and chromosome arms 1p/19q codeletion (p 5 0.02) also significantly influenced PFS, while age, gender, and KPS had no significant effect (Table  2) . When the prognostic factors identified in univariate analyses were included in a multivariate analysis, gene amplification remained the only significant variable in OIII (Table 2) . Indeed, the relative risk of progression of patients whose OIII exhibited a gene amplification was 3.3 in comparison with patients without gene amplification (p 5 0.0003) ( Table 2) . In a univariate analysis, overall survival (OS) was significantly shorter in patients whose tumor had a gene amplification (Table 3) . Indeed, the median OS was 6.7, 2.2, and 1.6 years in 1p/19q codeleted OIII patients, nonamplified and non-1p19q codeleted OIII patients, and patients whose tumor had a gene amplification, respectively (p 5 0.05) (Fig. 3b) . Extent of surgery (p , 0.05), KPS (p , 0.05), and chromosome arms 1p/19q codeletion (p 5 0.05) also significantly influenced OS, while age and gender did not affect OS (Table 3) . When the prognostic factors identified in univariate analyses were included in a multivariate analysis, gene amplification remained the unique significant variable (Table 3) . Indeed, the relative risk of death of patients whose OIII exhibited a gene amplification was 2.5 in comparison with patients without gene amplification (p 5 0.03) ( Table 3 ).
Discussion
Several confirmed or candidate target genes of genomic amplifications have been reported in gliomas. To our with good prognosis. [5] [6] Indeed, OS was quite good in our 1p/19q-deleted patients (OS 5 6.7 years).
We recently showed that EGFR amplification was mutually exclusive of chromosome arms 1p/19q codeletion in gliomas. 50 Based on the present results, this conclusion can be extended to all gene amplifications in OIII. This suggests that chromosome arms 1p/19q codeletion does not silence genes involved in the prevention of genomic amplification, such as mismatch repair genes. 51 In the present study, gene amplification was an independent negative prognostic factor for OIII, regardless of the gene involved. This finding illustrates the potential of aCGH, which has the ability to screen the whole genome and therefore detect various amplified genes, without exclusive focus on a single target gene, such as EGFR. The observation that 1p/19q codeletion was not an independent prognostic factor for PFS and OS in the present series should be taken with caution. It is probably explained by the relatively small size of the population and by the low number of events in the 1p/19q codeleted group, which require further follow up.
It is interesting to note that a substantial number of OIIIs (44%) do not carry the 1p/19q codeletion or gene amplifications. Additional studies are now warranted to identify new biomarkers in this important subgroup.
In summary, our results suggest that whole genome evaluation of known target genes of genomic amplifications provides complementary prognostic information to classical prognostic factors in OIIIs. Moreover, these results encourage identification of target genes of genomic amplification whose driver gene remains unknown.
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knowledge, the present study is the first focused on the frequency and clinical significance of such a large set of amplified genes in a series of OIIIs using a whole genome aCGH.
We found that aCGH was a useful tool to detect amplification with a good agreement with qPCR, as previously shown by several independent studies. 18, 20, 44 Only three gene amplifications, which were detected using aCGH, were not confirmed using genomic qPCR. A technically aCGH false-positive amplicon could not be ruled out formally. In addition, presences of large copy number variations (CNVs) in the tumor or the control samples may explain some aCGH false-positive results. 45 Overall, gene amplification was observed in 27% of cases of OIII. EGFR was the most frequently amplified gene in OIII (17%). Some authors consider that the presence of EGFR amplification in an OIII is characteristic of the so-called small cell glioblastoma. 3, 46 However, excluding the diagnosis of OIII simply because of the presence of amplified EGFR is not recognized in the recently updated WHO classification (2007) . The other amplified genes that we found in OIII are mainly involved in the cell cycle and cell growth, including CCND3, CCND1, CDK4, MDM2, and PDGFRA, putatively explaining the aggressiveness of OIII harboring a gene amplification.
In this series, the frequency of 1p/19q codeletion (29%) was in agreement with the 25% figure recently found in a large prospective European study of anaplastic oligodendroglial tumors 47 and somewhat lower than previous studies that reported figures ranging from 37% to 66%. [6] [7] [48] [49] In addition to possible differences among pathologists in Europe and the United States, 47, 49 this variation is probably influenced by heterogeneous definitions of 1p loss, 19q loss, and 1p/19q codeletion in the literature. In the present series, we selected several criteria including losses of at least 75% of the BACs on 1p and 19q and presence of centromeric breakpoints on chromosomes 1 and 19 (within the 3 juxtacentromeric BACs), which is highly suggestive of the recently described translocation (1;19) in oligodendroglial tumors
